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We propose a natural framework of SU (5) supersymmetric grand unified theory with the minimal 
particle contents, which does not contain dimension five proton decay operators. The suitable 
fermion mass hierarchy can be reproduced by higher dimensional operators of an adjoint Higgs field 
which breaks SU(5) gauge symmetry. 
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Supersymmetric (SUSY) grand unified theories 
(GUTs)[lj have been regarded as the most agreeable 
candidates beyond the standard model for a long time, 
because they can realize the gauge coupling unification 
as well as show a natural solution of the hierarchy 
problem. They can also explain the electroweak sym- 
metry breaking by the so-called the radiative breaking 
scenario 0- The proton decay is a crucial prediction of 
GUTs0, which has not been observed in the exper- 
iments yetQ. From the current experimental bound 
on the proton decay, it was claimed that the minimal 
SU(5) SUSY GUT has already been excluded[l ||. 
However, as pointed out in e.g. Refs.0, @, this claim 
should only be applied to the minimal scenario which 
is unrealistic in the sense that it cannot reproduce the 
correct mass spectrum of down type quarks and charged 
leptons. Notice that we must analyze the Yukawa 
interactions with the coloured Higgs fields carefully. 
In this letter we show the natural model which does 
not contain dimension five proton decay operators in 
the SU(5) SUSY GUT framework with the minimal 
particle content. We must introduce the GUT scale 
(Mgut) where the SU(5) gauge symmetry is broken 
by the vacuum expectation value (VEV) of an adjoint 
representation (24) Higgs field S. Since the model at 
the GUT scale is the effective theory of the fundamental 
one which realized at the Planck scale, it should contain 
the higher dimensional operators which are suppressed 
by the Planck scale (Mgut/A^pi)™ {n ■ positive integer) 
[a El El- These terms can be the origin of a fermion 
mass hierarchy of three generations as well as the one 
between top and bottom quarks. The realistic mass 
spectrum of the down type quarks and the charged 
leptons can be reproduced by these terms. We take the 
following setup; 

1. Only the top Yukawa coupling exists at the 
tree level. The other Yukawa couplings are in- 
duced by the nth order higher dimensional terms, 
(M GUT /M P1 )". 

2. The Yukawa couplings of the bottom quark and 
the tau lepton are induced by the first order terms 
(MgutA^pi), the mass of the strange quark and 
the muon arc reproduced by the second order terms 



(Mqut/Mpi) 2 , and the down quark and the elec- 
tron masses are provided by the third order terms 
(Mqut/^pi) 3 - The masses of the up type quarks 
might be appropriately reproduced in a similar way. 

3. We should pay attention that some of the terms 
((E)/Mpi)" are regarded as (n-l)th order terms 
effectively due to their coefficients. 

4. The couplings of the operators associated with the 
proton decay process completely vanish. 

As we will show, the two requirements — the realistic 
Yukawa couplings of quarks and leptons and no dimen- 
sion five proton decay operators — almost determine the 
couplings for the higher dimensional operators. 

The superpotential for the Yukawa sector is repre- 
sented as the series expansion according to the power 
of adjoint Higgs fields, such as 



Wyu 



kawa 



--W + Wi + Wi + W 3 + W 4 



(1) 



The zeroth order part Wo is the same as that of the 
minimal SU (5) model, 
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where i,j are the indices for generations and a, b, ... are 
the ones for the SU(5) indices. The chiral superfield 
10 contains the right-handed up-type quark u c R , the left- 
handed quark doublet Q, and the right-handed charged 
lepton e Q R . The right-handed down- type quark d c R and 
the lepton doublet L belong to the superfield 5*. The 
Higgs fields H and H (5 and 5*) include the coloured 
Higgs triplets (He, Hq) and the Higgs doublets, respec- 
tively. As shown in our setup, Yi — is assumed in 
Eq.|J5J, which is the origin of the hierarchy between the 
top and the bottom masses. The first order part W\ is 
expressed as@ 



Wi = 
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where E takes VEV of (£) = diag(2, 2, 2, -3, -3)cr which 
breaks the SU(b) gauge group into SU(3) C x SU(2) L x 
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U(1)y- The value of a is the scale of Mgtjt- For the 
second and third order superpotential, we only show the 
down-type quark and the charged lepton sector. They 
are represented as0 
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Y e =Y' h\ h' 2 + —zh' A + —^h' 5 + -^h'a 
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where (E • • • ) ((E •••)&) denotes a singlet (an adjoint) by 
contracting the SU(5) indices of E • ■ • . The fourth order 
superpotential suggests 
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Each matrix element /i y is assumed to have an 0(1) co- 
efficient, and the mass hierarchy is produced by the sup- 
pression factors er/Mpi = 1 /q[l3j. 

Decomposing the superpotential Eqs.Q-© into its 
component fields, we obtain the Yukawa couplings of 
down-type quarks and charged leptons as 



where the matrices with a prime symbol arc defined as 

„, Tr 30, 30, 900, 210, 
Y =Y 2 + -^h 3 - -^h g + —r-hu, + —T-hia, 9 



30, 



a J or 
30, 



hi 2 =h\ 2 H 9 ^7,8 T^16,17) 

,, _, 30, 

^4,5,6 ="-4,5,6 + -^""lS.lQ^O- 



(10) 

(11) 



On the other hand, the couplings Y q i and Y u d which 
are associated with the interactions QieLjHc and 
u c Ri d c R: jHc, respectively, are given by 

2 3 4 9 fi 

Y ql =Y> + -h[ -h' 2 + ±h' 4 + 4^ - ±h' e 
a a a z a- a 

8, 27, 12, 18, 

+ -*h w K h n o hi2 + -^h 13 H , (12) 

cr a 6 a } a ,} 

2 2 4 4 4 

Y ud =Y' + -h[ + -h' 2 + — h\ + — h' 5 + -j^ 
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The terms in which the adjoint Higgs fields arc contracted 
by themselves have larger pre- factors than the others. 
Such terms should be practically regarded as lower order 
contribution. For example, we should regard h 3 as the 
first order term like h\ and h2- The terms of h^.g and 
h\4 are referred as the second order terms such as /14.6, 
and those of /115-20 should belong to the third order terms 
such as ft-io-13- 

The value of a is related to the mass of the coloured 
Higgs triplet M c and the GUT scale. The GUT scale is 
represented as (MyMs) 1 / 3 , where My stands for mass 
of X and Y bosons (SU(5) breaking gauge bosons) and 
Me for the mass of E. The magnitudes of these mass 
parameters are strictly constrained from the gauge cou- 
pling unification condition[6t lll|. However, the value of 
a itself can be larger than the GUT scale (M^Ms) 1 / 3 ~ 
2.0 x 10 16 GeV by taking the Higgs couplings among 
H, H, and E to be small. Therefore, we can take 
a = 0(10 ~ 100), where dimension six proton decay 
operators are suppressed enough. 

Let us now illustrate a concrete example for the 
Yukawa couplings which reproduces not only the realistic 
fermion mass spectrum but also the completely vanish- 
ing dimension five proton decay operators. We take the 
basis where Yd and Y e are diagonal. The coefficients of 
the dimension five proton decay operators are denoted 



3 2 9 4 fi 
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°5L — 1 ql *qqi 



z-iijkl _ v ij v kl 
^5R — 1 ud 1 eui 
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where Y qq and Y eu are the couplings of interactions of 
the coloured Higgs field coming from the lOilOjH type 
terms. Avoiding unreliable large couplings in h^s, the 
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texture of /ij's for the third generation is uniquely de- 
termined except for Ay 3 = y T — y b which is the differ- 
ence between the Yukawa couplings of the tau lepton and 
the bottom quark. It should be small at the GUT scale 
and we assume that it is provided by second order terms. 
From Eas.(|7jl- (|13|l . the third generation Yukawa compo- 



nents are induced as 

{h 6 ) 33 = a 2 Ay 3 /25, (15) 

(^5)33 = 0(^2)33 + 2a 2 Ay 3 /25, (16) 

(^4)33 = a {h[) 33 + a 2 y b /5 + 2a 2 Ay 3 /25, (17) 



(h' 3 ) 33 = -2a 2 (y b + Ay 3 )/75 - a (h[ + h' 2 ) 33 /5, (18) 

up to the second order. Here, h' 3 = h 3 — hg/a + 30hi4/a . 
In order to avoid 0{a 2 y b ) terms in (^5)33 and (^4)33, we 
must take 

(Ai)33 = ~ay b /5, (h 2 ) 33 = 0. (19) 

Then, the value of (^13)33 is determined up to order 
0(a 2 y b ) as 

(h 3 ) 33 = a 2 y b /75. (20) 

This term should be regarded as the first order term be- 
cause of the large pre-factor 1/75, in which the value of 
(^3)33 itself is kept of 0(1). Now all the third genera- 
tion components of hi's are determined. The couplings 
for the second generation are also determined in a similar 
way. Those for the first generation are not uniquely de- 
termined since there are large degrees of freedom in the 
third order terms. 

Summarizing above discussions, the first order terms 
are uniquely determined as 

hi = -^diag(0,0,y fo ) , h 2 = 0, 
5 

a 2 

h 3 = —dmg(0,0,y b ). (21) 

The second order terms are also determined almost au- 
tomatically as 



/14 


a 

=y^diag (0, 9y s + Ay 3 ) , 




a 2 

=^rdiag (0, -6y s + y M , Ay 3 ) , 


h e 


a 2 

= 25 diag ^ ~ Vs + Ay3 ^ ' 


h 7 = h$ 


a 3 

= - |^diag (0, Ay 3 ) , 



h 9 =h 14 = 0. (22) 

For the third order terms, there are various choices, and 
one example is 

hio =^16-25 = 0, 

a 3 

hu =— diag (-y d + 2y e /7, 0, 0) , 



hu =— diag (3 W /2-2y e /3, 0,0), 
a 3 

hi3 = 7^diag (-Vd/2 - y e /3, 0, 0) , 
25 

4a 4 

/ii5=^diag(j/ e ,0,0). (23) 

It is worth noting that the accurate Yukawa couplings of 
the down-sector quarks and charged leptons are obtained 

as 

Y d = dmg(y d ,y s ,y b ), Y e = diag(y e , y^, y T ), (24) 

as well as the couplings of coloured Higgs triplet vanish 
as 

Y ql = Y ud = 0. (25) 

Once these Yukawa interactions are realized at the GUT 
scale, any dimension five proton decay process will not 
appear even if the renormalization group equation (RGE) 
effects are taken into account. 
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Example 1 


Example 2 


Wi 


1st 


hi 


(0,0,- 


-0.64) 






h 2 





w 2 


1st 


h 3 


(0,0,2.3) 




2nd 


hi 


(0,0.72,0.40) 






h 5 


(0, -0.21,0.40) 






h & 


(0,0.29, 1.2) 


W z 


2nd 


hr 


(0,-1.5,-3.6) 






h s 


(0,-1.5,-3.6) 






hg 







3rd 


hio 












hu 


(-0.48,0,0) 









hi2 


(0.68,0,0) 









hi3 


(-0.29,0,0) 







2nd 


hu 







3rd 


his 


(0.19,0,0) 


(-0.65,0,0) 






hie 












hu 












his 





(3.3,0,0) 






hi S 





(-1.4,0,0) 






h 2 o 





(-0.71,0,0) 



TABLE I: Examples of the matrix elements of hi's at the GUT 
scale which reproduce the realistic fermion mass spectrum and 
vanish the proton decay operators. Here, we take a — 55 and 
tan/3 = 10. We take the diagonal basis of the down-type 
quark and the charged lepton mass matrices. The flavour 
mixing is imposed into the up-sector Yukawa couplings. 

In Table I, we present the magnitudes of Yukawa cou- 
plings at the GUT scale by using the results in Ref . [l2T] . 
The applicability of the perturbation (couplings< y/^Tr) 
is satisfied for all components. Notice that it can be sat- 
isfied even in the rather large tan/3 (tan/3 ~ 10) region. 
Ordinal SU(5) GUT models, e.g. with decoupling SUSY 
breaking spectrum, should have a small tan/3 of order 
li. 

The Yukawa couplings of the up-type quarks can also 
be derived from higher dimensional terms. We assume 
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that the Yukawa coupling of the top quark comes from 
Y\ in Eq. J2J) , that of the charm quark from , and that 
of the up quark from W4. For example, supposing the 
simple superpotential, 

w _ tabcde ab cdRe ( fij (gg) -y (ESSE) \ 

4 iu * Au i y c M | i + /u M 4 j . 

we obtain the Yukawa matrices 



In the basis Y u should be given by Y u = U^ KM Y^ 1&S . 
This example gives 

(11)33 = 0.75, (/ c ) 22 = 0.18, (/ u ) n = 0.26, 

for Y£ lag with the same values of a and tan (3 in TabQJ 

Some comments are in order. The first is about the 
coefficients of the proton decay operators. They must 
include at least one first generation quark superfield. 
Therefore, it is not necessary to eliminate all components 
of the coloured Higgs Yukawa couplings as in Ea. (|2~5|l . 
In fact we can realize such Yukawa matrices which have 
more choices than the examples shown above. However, 
in this case the RGE effect must be taken into account 
to estimate the proton decay rate, since the second and 
third generation components of Y q i and Y uc i are trans- 
mitted into the first generation components through the 
generation mixings. The RGE analysis shows that the 
large entry of the second and third generation compo- 
nents could be destructive This means that RGE 
effects will break the proton stability even if all the first 



generation components of Y q i and Y uc i are zero. If Y q i and 
Y u d do not include the first generation components at the 
nucleon mass scale (not at the GUT scale) , the dimension 
five proton decay processes will disappear as pointed out 
in Ref.0. It is an interesting possibility. However, there 
must be a reason why the scale is not the GUT scale but 
the nucleon mass scale. 

The second comment is about the contribution from 
the sub-leading effects. When the soft SUSY breaking 
tri-lincar scalar interactions of the coloured Higgs 

-Aoft => ^QteLjtic + A^ d u* M d* Rj H c + Ha, (26) 

are introduced, A q {Y qq and A uc [Y eu can contribute to the 
proton decay processes. We have neglected these A-term. 
contributions in the above discussions, which can be jus- 
tified in the minimal supergravity context. It is because 
these terms are generally proportional to the correspond- 
ing Yukawa couplings. Therefore, when they do not exist 
at the GUT scale, there will be no contribution at the low 
energy scale even if we take account into the RGE effects. 

We have tried to reproduce the suitable fermion mass 
hierarchy as well as to suppress the proton decay in the 
SU(5) SUSY GUT framework with the minimal field con- 
tents. The realistic fermion mass spectrum can be real- 
ized simultaneously with vanishing dimension five proton 
decay processes. These requirements have almost deter- 
mined the Yukawa couplings of higher dimensional oper- 
ators at the GUT scale. 
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by Alexander von Humboldt Foundation. 
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